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Abstract

Tominersen is an intrathecally administered antisense oligonucleotide tar-
geting huntingtin mRNA which leads to a dose-dependent, reversible low-
ering of cerebrospinal fluid (CSF) mutant huntingtin protein concentration
in individuals with Huntington's disease. Nonlinear mixed-effect popula-
tion pharmacokinetic (PopPK) modeling was conducted to characterize the
CSF and plasma pharmacokinetics (PK) of tominersen, and to identify and
quantify the covariates that affect tominersen PKs. A total of 750 participants
from five clinical studies with a dose range from 10 to 120 mg contributed
CSF (n=6302) and plasma (n=5454) PK samples. CSF PK was adequately
described by a three-compartment model with first-order transfer from CSF to
plasma. Plasma PK was adequately described by a three-compartment model
with first-order elimination from plasma. Baseline total CSF protein, age, and
antidrug antibodies (ADAs) were the significant covariates for CSF clearance.
Body weight was a significant covariate for clearances and volumes in plasma.
ADAs and sex were significant covariates for plasma clearance. The developed
PopPK model was able to describe tominersen PK in plasma and CSF after
intrathecal administration across a range of dose levels, and relevant covari-
ate relationships were identified. This model has been applied to guide dose
selection for future clinical trials of tominersen in patients with Huntington's
disease.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Tominersen is an intrathecally administered chimeric 2’-O-methoxyethyl
(2-MOE)-modified antisense oligonucleotide (ASO) targeting huntingtin protein

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and

Therapeutics.

CPT Pharmacometrics Syst Pharmacol. 2023;12:1213-1226.

WWW.psp-journal.com 1213


http://www.psp-journal.com
https://doi.org/10.1002/psp4.13001
mailto:
https://orcid.org/0000-0003-1798-3472
https://orcid.org/0000-0002-2904-5857
https://orcid.org/0000-0003-2074-5862
http://creativecommons.org/licenses/by-nc/4.0/
mailto:yumi.yamamoto@roche.com

1214 |

YAMAMOTO ET AL.

ASCPT

(HTT), under investigation in individuals with early manifest and manifest
Huntington's disease. After administration of tominersen, dose-dependent,
reversible lowering of cerebrospinal fluid (CSF) mutant HTT was observed.
WHAT QUESTION DID THIS STUDY ADDRESS?

This analysis characterized the CSF and plasma pharmacokinetics (PK) of tomin-
ersen and identified the covariates affecting tominersen PKs, using plasma and
CSF concentration-time profiles following intrathecal administration, at doses
ranging from 10 to 120 mg.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study provides a population PK (PopPK) model that describes both CSF and
plasma PKs of tominersen. Furthermore, it provides an insight into drug distribu-
tion and variabilities in CSF PKs for ASOs after intrathecal administration.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

This PopPK model can be used to predict tominersen exposure in CSF and plasma
after administration of various dosing regimens, to guide decision making during

INTRODUCTION

Huntington's disease (HD) is a rare, genetic, neurode-
generative disease characterized by a triad of cognitive,
behavioral, and motor symptoms.'™ It has a devastating
impact on patients and entire families across generations,
resulting in increasing disability, functional decline, and
loss of independence, ultimately leading to death."* Onset
normally occurs between 30 and 50years of age and the
median survival period is ~15years after the onset of
motor symptoms.4

HD is believed to be caused by a cytosine-adenine-
guanine (CAG) trinucleotide repeat expansion in the hun-
tingtin gene on the fourth chromosome.’ The expansion
of this CAG repeat results in the production of a toxic mu-
tant huntingtin protein (mHTT), which aggregates in and
damages neurons in the central nervous system (CNS)."*’
Given the monogenic nature of HD, huntingtin protein
(HTT)-lowering approaches are believed to alleviate HD
pathogenesis.® There are currently no approved therapies
that slow or stop disease progression.

Tominersen is an  investigational chimeric
2’-O-methoxyethyl (2-MOE)-modified antisense oligo-
nucleotide (ASO) targeting huntingtin gene mRNA.® It
is non-allele specific and therefore expected to reduce
the production of all forms of HTT, including mHTT.
Tominersen has been investigated in individuals with
early manifest HD and manifest HD in five clinical studies
(phase I/I1a study, NCT02519036; open-label extension of
the phase I/1la study, NCT03342053; GENERATION HD1,
NCT03761849; GEN-PEAK, NCT04000594; and GEN-
EXTEND, NCT03842969) at doses ranging from 10mg

the clinical development program.

to 120mg, for up to 25months, and is administered as an
intrathecal injection directly into the cerebrospinal fluid
(CSF) to achieve efficient distribution to the CNS. In the
phase I/Ila study, dose-dependent, reversible lowering of
mHTT protein in the CSF of individuals with early mani-
fest HD was observed.” GENERATION HD1 is the largest
phase III clinical trial of an HTT-lowering therapy in HD
to date and the data generated are providing insights help-
ing us to understand the pharmacokinetics (PK) behavior
and mechanism of action of tominersen, as a basis for a
potential treatment approach.

The PKs of ASOs in humans following intravenous,
subcutaneous, and, recently, intrathecal administration
have been reported previously.'>** Following periph-
eral administration, ASOs are distributed broadly into
most tissues; the major tissues that ASOs are distributed
into are the liver, kidneys, bone marrow, adipocytes, and
lymph nodes."*** Oligonucleotides and their metabolites
are known to be primarily excreted in urine and biliary
elimination is considered to be a minor pathway.'*

Peripherally administered ASOs do not distribute into
the CNS because the highly charged ASOs do not cross
the intact blood-brain barrier efficiently."> Intrathecal
administration is therefore an alternative route of admin-
istration (RoA) for ASOs targeting the CNS. Although
drug kinetics after intrathecal administration remain
poorly understood, intrathecally administered ASOs have
been reported to distribute rapidly from the CSF in rats
and nonhuman primates, likely due to the combination
of uptake into CNS tissues and transfer to systemic circu-
lation.'®'” The terminal half-life of ASOs in CSF is rela-
tively long due to the slow elimination from CNS tissues.
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Recently, the use of intrathecal administration has been
successfully implemented for nusinersen, which is indi-
cated for the treatment of spinal muscular atrophy,'® and
was confirmed to be distributed throughout the spinal
cord and brain in treated infants."

CSF concentrations are often considered the best
available surrogate for brain target site concentrations
in humans. Only very limited examples of CSF PK data
in humans following intrathecal administration of
ASOs have been reported, including tofersen and nusin-
ersen.''? Mathematical models describing PKs were pre-
viously developed, and a physiologically based PK model'’
and semimechanistic PK model®® describing the PKs of
nusinersen following intrathecal administration have
been published. These models were developed using the
PK data from nonhuman primates followed by scaling to
humans. In addition, one population PK (PopPK) model
developed based on the plasma and CSF PK data gener-
ated from pediatric patients with spinal muscular atrophy
has been proposed.”! The number of subjects and PK data
included in the analysis were limited due to the nature of
pediatric studies.

In this work, we describe a PopPK model to simultane-
ously characterize the CSF and plasma PKs of tominersen
in patients with HD following intrathecal administration,
and to identify the covariates that affect tominersen PK
using both plasma and CSF concentration-time profiles
from a total of 750 individuals with HD. The compre-
hensive understanding of PK characterization, including
identification and quantification of the impact of covari-
ates on tominersen PK, is essential for the tominersen
clinical development program.

METHODS
Subject and study design

Plasma and CSF PK data collected in individuals with
early manifest and manifest HD from five clinical stud-
ies were pooled.g’zz’25 For GENERATION HD1, GEN-
PEAK, and GEN-EXTEND, only partial and preliminary
data were available and included in the present work. The
studies were conducted in accordance with the principles
of the Declaration of Helsinki and were approved by the
appropriate institutional review boards, local ethics com-
mittees, and regulatory agencies. All participants provided
written informed consent.

A summary of the studies, including patient numbers,
administered doses and dosing frequency, and CSF and
plasma PK sampling times is provided in Table 1, in addi-
tion to a high-level description of each study is provided
in Appendix S1.

ASCPT

Bioanalytical methods

In the phase I/IIa study, plasma and CSF tominersen con-
centrations were determined using a hybridization cutting
enzyme-linked immunosorbent assay method. The lower
limit of quantification (LLOQ) was 1ng/mL in plasma
and CSF. In all other studies, plasma and CSF tominersen
concentrations were determined using hybridization elec-
trochemiluminescence. The LLOQ was 0.05ng/mL in
plasma and 0.1 ng/mL in CSF.

PopPK model development

The PopPK models were developed in a stepwise man-
ner. Because tominersen was administered intrathecally,
the plasma PK distribution is considered to be affected by
the drug distribution into the CNS. The structural model
describing the PKs in CSF was developed first followed
by a covariate analysis. Thereafter, the structural model
for plasma was developed, again, followed by a covari-
ate analysis. The parameters of the CSF model were kept
fixed during the development of the plasma model to re-
duce runtimes and increase model stability. The analy-
sis was performed on log-transformed PK data. Samples
below the LLOQ were excluded in the analysis but were
taken into account in the visual predictive checks (VPCs).

Structural and stochastic model development

Disposition models for tominersen in CSF and
plasma

According to the observed CSF and plasma PK profiles,
two- and three-compartment disposition models with
first-order elimination from the central compartments
were evaluated for CSF and plasma PKs, respectively. The
elimination from CSF was used as input to the central
plasma compartment. The bioavailability to CSF compart-
ment (F1) and the bioavailability from CSF to plasma (F2)
were fixed to 1, implying that apparent clearances (CLs)
and volumes (Vs) were estimated in plasma.

Interindividual variability for tominersen in
CSF and plasma

Interindividual variability (IIV) was evaluated on all
PK parameters based on the available PK data and were

added in an exponential form (Equation 1):

Pi=TVP x ¢l (1)
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where TVP is the typical value of the parameter P, P is the
individual value of the parameter, and #; is a normally dis-
tributed random variable with mean 0 and standard devia-
tion w.

Residual error for tominersen in CSF and
plasma

Additive residual error models were used on the log-
transformed tominersen concentrations in CSF and
plasma.

Covariate analysis

Covariates that had a strong rationale were evaluated
as a part of the structural model development before
the full covariate analysis. The following covariates
were evaluated as a part of the structural model: body
weight (BW) on CLs and on Vs for CSF and plasma, as
well as the effects of RoA, lumbar site of administration
on CSF clearance (CLqgp), and CSF volume withdrawn
before the dose on volume of distribution in the central
CSF compartment (V, csp), and the effect of antidrug
antibodies (ADAs) on plasma clearance (CLyjy5m,) and
CLgp. Covariates identified as statistically significant
were kept in the model.

The stepwise covariate model
building procedure

The covariate model building was performed using the
stepwise covariate model building procedure (SCM)*® in
Perl-speaks-NONMEM.*"*® Additional covariates were
evaluated both on the CSF and plasma models. Age, sex,
CAG, CAG age-product score, caudate volume, ventri-
cle volume, whole-brain volume, total protein in CSF
(TPcgp), and height were explored in the CSF model. Age,
sex, alanine aminotransferase, total protein in plasma,
and creatinine clearance (CrCL) were explored in the
plasma model.

Pvalues of 0.01 and 0.001 were used in the forward and
backwards steps, respectively. In this analysis, adaptive
scope reduction was added to the default SCM algorithm®
to make the covariate search more efficient.

Continuous covariate relationships were coded as ex-
ponential models and categorical covariate relationships
were coded as a fractional difference to the most common
category. Equation 2 illustrates this parameterization.

Ocov,, = €XP (0, X (Cov—Covyes)) (2a)

ASCPT

0 =1if Cov = Cov (2b)

covy, ref
Ocov,, =1+ 0y, if Cov # Coveg

where Cov, is a reference covariate value for cov,,, to which
the covariate model is normalized with the median.

Covariates that were identified as statistically signifi-
cant in the SCM, but where the effect of the covariate was
considered not clinically relevant (i.e., a difference in the
parameter between two categories of <10%, or a <10% dif-
ference in the parameter between the 5th and 95th percen-
tiles of the analysis population) were removed from the
model.

Model discrimination

The performance of a model and selection between
competing models was based on statistical and graphi-
cal assessments, including the inspection of graphical
goodness-of-fit and changes in the objective function
value provided by NONMEM. The differences in objective
function values are nominally 4 distributed and a differ-
ence of 3.84 corresponds to an approximate p value less
than 0.05 for 1 degree of freedom, considering that the dif-
ference is statistically significant.

Model evaluation

In addition to the model selection criteria described
above, simulation-based diagnostics, such as prediction-
corrected VPCs (pcVPCs) were used to evaluate the pre-
dictive performance of the final model.*

CSF and plasma PK simulation

The final PK model was used to simulate typical CSF
and plasma PK profiles associated with various dosing
regimens, to assess the influence of covariates and to sup-
port dose selection in future clinical studies. The test sce-
narios included tominersen intrathecal administration
for 1.5years, with doses ranging from 30 to 120mg every
16weeks. The impact of the covariates was assessed at
120 mg every 16 weeks.

Software

The analyses were performed using NONMEM ver-
sion 7.4.4.>' NONMEM runs were performed using the
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gfortran compiler, version 4.4.6. Data management and
a graphical analysis were performed using R version
3.5.3.>> SCM and VPCs were performed using PsN ver-
sion 4.9.0.%7%

RESULTS
Analysis dataset

A total of 5454 plasma samples and 6302 CSF samples
from 750 individuals with HD were included in the anal-
ysis. A summary of the data included in the PK analysis
is shown in Table 1. The percentage of PK data below
the LLOQ was 4% in CSF PK data and 19% in plasma

PK data, respectively. Baseline covariate data from the
PopPK analysis set are summarized in Table S1; covari-
ates associated with each intrathecal administration,
such as RoA, lumbar site of administration, and volume
of CSF withdrawn before intrathecal dosing are summa-
rized in Table S2 and time-varying ADA data are sum-
marized in Table S3A,B.

Cerebrospinal fluid pharmacokinetics

CSF PK data are shown in Figure 1. CSF trough con-
centrations for the 120mg dose from all studies ver-
sus time by dosing frequency are shown in Figure 1la.
Accumulation of the drug in CSF was observed. For

~o— 30 mg —o— 60 mg —o— 120 mg

Q4w |

Q8w |1 Q16w

-
o
=)

CSF concentration (ng/mL)

1e+04

CSF concentration (ng/mL)

1e+024

0 20 40 60
Time after the first dose (hr)

1e+03

1e+01 4

1e-011

Dose-normalized CSF concentration

0 25 50 75 100
Time after the latest dose (day)

FIGURE 1 CSF concentration-time profiles for (a) individual trough concentrations at 120mg Q4W, Q8W, and Q16W (red: individual
observation; blue line: smooth), (b) individual concentrations up to 72h after the first dose at the dose range of 30-120mg in GEN-PEAK
(purple: 30 mg; green: 60 mg; red: 120 mg), (c) mean concentrations up to ~100days after the latest dose at the dose range of 30-120mg in
GEN-PEAK (purple: 30mg; green: 60 mg; red: 120 mg). CSF, cerebrospinal fluid; Q4W, every 4 weeks; Q8W, every 8 weeks; Q16W, every

16 weeks.
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every-4-week dosing, steady-state (SS) concentration
was achieved at around week 37 at the latest, whereas
for the every-8-week and every-16-week dosing regi-
mens, SS concentration was reached after the loading
dose and no further accumulation was observed at later
timepoints. CSF PK profiles up to 72h after the first
dose and up to around 100days after the latest dose in
GEN-PEAK at the dose range of 30-120 mg are shown
in Figure 1b,c. These rich sampled data indicate a mul-
tiphase PK disposition in CSF and show tominersen to
have a long terminal half-life. The dose-normalized CSF
PK profiles in Figure 1c indicate that there was no obvi-
ous dose-dependent trend in the PK profiles, suggesting
that CSF PK is linear.

| 1219

Plasma pharmacokinetics

Plasma PK data are shown in Figure 2. Plasma trough
concentrations for the 120 mg dose from all studies ver-
sus time by dosing frequency are shown in Figure 2a. SS
concentration was achieved later in plasma compared
with CSF. Mean plasma PK profiles up to 24h in the
phase I/IIa study (day 1 and day 85) and up to month
1 in the phase I/Ila study and GEN-PEAK at the dose
range of 10-120 mg are shown in Figure 2b,c. The plasma
PK profiles supported a multiphase PK disposition. The
dose-normalized plasma PK profiles in Figure 2c showed
that there was no obvious trend in the PK profiles among
doses, suggesting that plasma PK is linear.

~o— 10 mg —¢— 30 mg —®— 60 mg —#— 90 mg —o— 120 mg

@ Q4w |

Q8w [1 Q16w

-
=
M

Plasma concentration (ng/mL)

0.11

85 5

Week

(b) Day 1 [ Day 85

| (c)

100 1

Plasma concentration (ng/mL)

104 ’

0 5 10 15 20
Time after dose (hr)

250 5 10 15 20 25

1e+02

1e+00 1

1e-02

Dose—normalized plasma concentration

0 10 20
Time after the latest dose (day)

FIGURE 2 Plasma concentration-time profiles for (a) individual trough concentrations at 120mg Q4W, Q8W, and Q16W (red:

individual observation; blue line: smooth), (b) mean (+ standard deviation) concentrations up to 24 h after the first (day 1) and the fourth
dose (day 85) at the dose range of 10-120mg in the phase I/IIa study (dark blue: 10 mg; purple: 30 mg; green: 60 mg; light blue: 90 mg; red:
120mg), (c) mean concentrations up to 1 month after the latest dose at the dose range of 10-120mg in the phase I/IIa study and GEN-PEAK
(dark blue: 10mg; purple: 30 mg; green: 60 mg; light blue: 90 mg; red: 120 mg). Q4W, every 4 weeks; Q8W, every 8 weeks; Q16W, every

16 weeks.
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PopPK model

A PopPK model was developed that described the
plasma and CSF tominersen PK well (Figure 3). CSF and
plasma were each described with a three-compartment
model with the elimination from the CSF central com-
partment providing the input to the plasma central com-
partment. The goodness-of-fit plots showed adequate
agreement between predicted and observed plasma
and CSF concentrations, without any significant trends
(Figure S1). The pcVPCs for CSF concentrations versus
time over the first 72 h postdose and for the trough con-
centrations are shown in Figure 4a,b, respectively. The
pcVPCs for plasma concentrations versus time over the
first 24h postdose and for the trough concentrations
are shown in Figure 4c,d, respectively. The pcVPC plots
showed good predictive performance of the final model
to capture the median of data both for plasma and CSF
concentrations.

The parameter estimates of the final model are
shown in Table 2. In general, parameters were estimated

with high precision across both the CSF and plasma
models. Relative standard error (RSE) of the parameters
of the CSF model was less than 16% in all parameters
apart from V, g intercompartmental clearance (Q)
between the central CSF compartment and the first pe-
ripheral CSF compartment (Q, csr), and the correspond-
ing IV parameters. For the plasma model, the RSE was
less than 13% for all parameters. IIV was supported by
the data and included on CL¢gg, V) csp and Q,cgp of
the CSF model and on CLpj,4m, Q between the central
plasma compartment and the first peripheral plasma
compartment (Q; ylasma)s V in the first peripheral plasma
compartment (V, j,ma)> @and V in the second peripheral
plasma compartment (V; jj,sm,) Of the plasma model.
The shrinkage was relatively large for V, cgr and Q, csp
(88.4% and 88.7%, respectively) probably because indi-
viduals with sparse sampling did not contribute infor-
mation on those parameters. The RSE was also higher
for those parameters compared with other IIV parame-
ters; however, they were still kept in the model because
they were important for the model fit for the data in

IT administration

Fi
. CSF §
Vacse Qa5 . Vicse , Qscse Vicse
Fs
CLCSF
. Plasma N
V2.plasma OZ.plasma’ V1.plasma » Os.piasma V3.plasma
CLplasma

FIGURE 3 Schematic representation of the final PopPK model. CL, clearance; CLgp, CL from the central CSF compartment;

CL

plasma

CL from the central plasma compartment; CSF, cerebrospinal fluid; F1, bioavailability to CSF; F2, bioavailability from CSF

to plasma; IT, intrathecal; PopPK, population pharmacokinetic; Q, intercompartmental clearance; Q, csp, Q between the central CSF

compartment and the first peripheral CSF compartment; Q; csr, Q between the central CSF compartment and the second peripheral CSF

compartment; Q, ,1asmas Q between the central plasma compartment and the first peripheral plasma compartment; Q; j,smar Q between

the central plasma compartment and the second peripheral plasma compartment; V, volume of distribution; V, csp, V in the central CSF

compartment; V, cgp, V in the first peripheral CSF compartment; Vs ¢, V in the second peripheral CSF compartment; Vy jjagma, V i

the central plasma compartment; V, ;j,mqa, V in the first peripheral plasma compartment; Vs ,j,4ma, V in the second peripheral plasma

compartment.
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FIGURE 4 Prediction-corrected visual predictive check of the final PopPK model for (a) CSF concentrations for the first 72h, (b) CSF
trough concentrations for the regimen of Q4W, Q8W, and Q16W, respectively, (c) plasma concentrations for the first 24h and (d) plasma trough

concentrations for the regimen of Q4W, Q8W, and Q16W, respectively. The red lines represent the 5th, 50th, and 95th percentiles of the observed

data. The shaded areas represent the 90% confidence interval of the 5th, 50th, and 95th percentiles predicted by the model. CSF, cerebrospinal fluid;

pred corr, prediction corrected; PK, pharmacokinetic; PopPK, population PK; Q4W, every 4weeks; Q8W, every 8weeks; Q16W, every 16 weeks.

GEN-PEAK, where rich CSF profiles were collected. The
final PopPK model code is provided in Appendix S1.

Covariate analysis in CSF

TPsp, age, and ADAs were identified as statistically sig-
nificant covariates on CLqgr. No other covariates were
identified on the CSF model parameters. CL.gp Was
decreased by ~19%, 18%, and 10%, respectively, when
TPgr Was increased from 0.19 to 0.54 g/L (5th and 95th
percentiles of the analysis population), when age was
increased from 31 to 64years (5th and 95th percentiles
of the analysis population), and when the participants
developed ADAs.

Covariate analysis in plasma

BW was a significant covariate for CLs and Vs in plasma,
and sex and ADAs were significant covariates on CLjj,gma-
The CLyjasma Was decreased by ~40%, 19%, and 67%, re-
spectively, when BW was decreased from 95.5 to 52kg
(95th and 5th percentiles of the analysis population),
when the participants were women, or developed ADAs.
No other covariates were identified on the plasma model
parameters.

Simulation of the tominersen PK profiles
in CSF and plasma

The simulated plasma and CSF PK profiles following differ-
ent every-16-week doses or covariate settings are presented
in Figure 5. The median (5th-95th percentiles) of the CSF
trough concentration at SS was ~0.074 (0.041-0.14), 0.15
(0.082-0.27), 0.22 (0.12-0.41), and 0.30 (0.16-0.54) ng/mL
for doses of 30, 60, 90, and 120mg, respectively, and the
median (5th-95th percentiles) of the plasma trough concen-
tration was 0.016 (0.0039-0.53), 0.033 (0.0078-0.11), 0.049
(0.012-0.16), and 0.065 (0.016-0.21) ng/mL at 30, 60, 90,
and 120mg, respectively. The variability in plasma PK data
was much larger than that in CSF PK data. The CSF trough
concentrations were increased by 24%, 46%, and 44% at SS
concentration when the participant developed ADAs com-
pared with an ADA-negative participant, when TPgr was
increased from 0.19 to 0.54g/L (5th and 95th percentiles of
the analysis population), and when the age of a participant
increased from 31 to 64 years (5th and 95th percentiles of the
analysis population), respectively.

DISCUSSION

A PopPK model was developed based on pooled data
from five clinical studies where tominersen was
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Final model Unit Typical value RSE (%) SHR (%) ;::a?nLetf:ristiiqu?;sf)opPK model

F1 1 FIXED

CLsr L/h 0.0177 7.96

Vi csp L 0.0436 33.1

Qucsp L/h 0.00982 27.3

Vs csp L 0.0517 11.8

Qs csp L/h 0.0000121 15.7

Vi csp L 0.0118 15.8

Total protein_CLqggp —0.540 11.2

ADA_CLcgp —0.101 6.89

Age_CLcgr —0.00550 12.8

F2 1 FIXED

CLyjasma L/h 10.7 3.30

V) plasma L 41.0 2.88

Q2 plasma L/h 13.4 7.98

V., plasma L 283 6.15

Q3 plasma L/h 0.267 4.84

V3 plasma L 613 6.35

BW_CLs 0.687 2.60

BW_Vs 0.866 1.54

ADA_CLjyma —0.673 0.639

Sex_CLyjama —0.186 12.1

mv*
IV on CLgp % 16.5 3.22 6.65
IV on V, cgp % 55.9 41.6 88.4
IV on Q, csp % 44.6 51.2 88.7
IV RUV ogp % 46.3 2.84 10.1
IV on CLyjem, % 28.8 2.84 21.9
IIV 01 Q, piasma % 239 6.35 35.0
IV 01 V, pjagma % 64.5 9.33 52.0
IV 0n V3 pjgma % 60.6 8.39 443
IV RUV j5ma 29.0 3.67 14.6

RUV*
RUVgp % 31.2 2.38 1.61
RUV,jyma % 53.6 1.94 7.97

Abbreviations: ADA, anti-drug antibody; BW, body weight; CL, clearance; CLgp, CL from the central
CSF compartment; CLyjgm,, CL from the central plasma compartment; CLS, CLyju5ma> Q2 plasma @0d

Qs plasma; CSF, cerebrospinal fluid; F1, bioavailability to CSF; F2, bioavailability from CSF to plasma;
11V, interindividual variability; PopPK, population pharmacokinetic; Q, intercompartmental clearance;
Q, csr> Q between the central CSF compartment and the first peripheral CSF compartment; Q; cs, Q
between the central CSF compartment and the second peripheral CSF compartment; Q; jasma> Q between
the central plasma compartment and the first peripheral plasma compartment; Q; pjaema, Q between the
central plasma compartment and the second peripheral plasma compartment; RSE, relative standard
error; RUV, residual unexplained variability; SHR, shrinkage; V, volume of distribution; Vicse Vin the
central CSF compartment; V, csp, V in the first peripheral CSF compartment; V; g, V in the second
peripheral CSF compartment; V jj,sma, V in the central plasma compartment; V, j,qma, V in the first
peripheral plasma compartment; V; ;j,qma, V in the second peripheral plasma compartment; VS, Vi jjiomas
Vz,plasma’ and V3.plasma'

“Interindividual variability and residual unexplained variability are expressed as coefficient of variation
and in percentage of the parameter estimate.
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FIGURE 5 Model prediction for the doses of 30, 60, 90, and 120 mg Q16W with the final PopPK model for CSF trough concentrations (a)
and plasma trough concentrations (b). The shaded areas indicate the 50% prediction interval for each dose. Impact of identified covariates
on the predicted concentration following 120 mg Q16W for CSF trough concentrations (c) and CSF concentrations for the first 72h (d). The
black lines represent typical profiles at a condition of ADA =negative, sex=males, body weight=75kg, total protein in CSF=0.35g/L and
age =49. Each simulation condition is stratified by color and indicates which covariate differs from the conditions for the typical profiles.
ADA, anti-drug antibody; CSF, cerebrospinal fluid; PopPK, population pharmacokinetics; Q16W, every 16 weeks.

intrathecally administered at doses ranging from 10 to
120 mg at frequencies of every 4weeks, every 8 weeks,
and every 16 weeks. In total, 6302 CSF concentrations
and 5454 plasma concentrations from 750 individuals
with HD were included in the analysis. The developed
PopPK model successfully described tominersen PKs in
plasma and CSF simultaneously. TP.gp, age, and ADAs

were identified as clinically relevant covariates on the
tominersen PK in CSF, whereas BW, ADAs, and sex
were identified as clinically relevant covariates on the
tominersen PK in plasma.

The percentage of PK data below the LLOQ was 4% in
CSF, and it was therefore considered appropriate to ex-
clude the below limit of quantification (BLOQ) samples
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from the CSF PK model development.*® For plasma, the
percentage of PK data below the LLOQ was 19%, and for
this reason, the M3 method was initially implemented.**
However, the model did not converge when the M3
method was used, probably due to the high complexity
of the model, and therefore, the BLOQ samples were ex-
cluded from the plasma PK model development.

The tominersen PK both in CSF and plasma showed
multiphase PK kinetics and a long terminal half-life. After
intrathecal administration, ASOs are rapidly distributed
to CNS tissues and the long terminal half-life in CSF is
considered to correspond to a slow rate of ASOs dissociat-
ing from the CNS tissue.'®!” The terminal half-life for CSF
PKs is calculated to be ~1 month based on the estimated
PK parameters. This calculated long half-life supports the
proposed infrequent administration for tominersen.

The plasma PK displayed dose-proportional prop-
erties whereas assessment of the CSF PK linearity was
challenging due to limitations associated with available
data, such as a majority of sparse sampling at mainly one
dose level (120mg) and low sensitivity of the bioanalyt-
ical assay used in the phase I/IIa study (in which multi-
ple dose levels were administered). Dose was tested as a
covariate on the CSF PK parameters but was not statis-
tically significant on any of the parameters. Therefore, a
linear model was considered to be adequate to describe
the CSF PK data.

The design of GEN-PEAK, which included rich CSF
sampling via an indwelling intrathecal catheter up to 72h
postdose, was invaluable to enable characterization of the
full concentration-time profile in CSF, including identi-
fication of a three-compartment disposition model. Due
to the small sample size of this study (N=12), some IIV
parameters could not be estimated, and others displayed
a large shrinkage and higher RSE, but they were never-
theless kept in the model as they were important for the
description of those data. Notably, CL parameters were
estimated with good precision (both population and IIV),
which provides confidence on the model predictions
at trough, including the impact of covariates. A three-
compartment model for plasma PKs was supported by the
data and the parameters were well-estimated (RSE < 13%).
The variability in plasma concentration was larger than
that observed in CSF, which is likely a result of being fur-
ther from the point of administration. The VPC showed
that the model captured the median of the data very well,
although the data variability was not perfectly captured.

Oligonucleotides are metabolized by nucleases that are
ubiquitously expressed by cells in most tissues.'* Based on
the available data it was not possible to identify the frac-
tion of tominersen that was metabolized in the CSF space
and it was assumed that tominersen was fully cleared
into plasma. Additional data, for instance, following

intravenous administration of tominersen, could have
provided further insights.

Age, TPqsp, and ADAs were clinically relevant co-
variates for the CSF PKs. CSF concentrations increased
with increased age, increased TP.gp and the presence
of ADAs in plasma. Reduction in CSF flow in elderly
individuals with HD has been reported previously.®® It
is thought that this reduction can lead to a decrease in
CLcgp and therefore an increase in CSF concentrations.
In addition, ASOs, including tominersen, are character-
ized by high plasma protein binding (>85%) primarily
to albumin which in systemic circulation (and after sys-
temic administration) prevents loss of the ASO through
urinary excretion and promotes tissue uptake.* High
protein binding in the CSF results in slower elimina-
tion of the CSF protein-bound drug from the CSF com-
partment compared with free tominersen analogous to
the systemic situation which is in line with the identi-
fied TP covariate effect.'* Importantly, the validated
bioanalytical assay used to measure tominersen in CSF
measures total tominersen (both the protein—-tominersen
conjugate and free tominersen) concentrations. The im-
pact of the increased CSF concentrations of tominersen
due to binding to CSF proteins or ADAs on the efficacy
and safety profiles needs to be investigated further to
clarify if this is likely to impact the pharmacologic activ-
ity of tominersen.

ADAs, BW, and sex were clinically relevant covariates
on the plasma PKs; however, covariates corresponding
to kidney and liver function were not identified as sta-
tistically significant. The identification of ADAs as a
significant covariate is consistent with known effects of
ADAs on plasma PKs of ASOs where presence of ADAs
results in an increase in plasma trough concentrations
after repeated administration.*” Urine is considered to be
a primary elimination pathway of ASOs and their me-
tabolites; however, the results suggest that renal func-
tion did not have an impact on tominersen plasma PKs
with the range of CrCL that was included in the analy-
sis (CrCL: 51-150 mL/min). Hepatic insufficiencies are
expected to have less effect on the clearance of oligonu-
cleotides,'* and the analysis result is consistent with pre-
vious knowledge.

The physicochemical properties of 2’-MOE ASOs are
reported to be very similar across sequences and species,
and PK similarity in plasma has been reported,'* sug-
gesting that the developed model structure and estimated
PK parameters can be used as a starting point for PK mod-
eling of other 2’-MOE ASOs.

In conclusion, the developed PopPK model was able
to simultaneously describe tominersen PKs in plasma
and CSF after intrathecal administration, and relevant
covariate relationships were identified. The model can
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be used to predict tominersen concentrations to guide
decision making during the clinical development
program.
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